Context. While the existence of more than 1800 exoplanets have been confirmed, there is evidence of a wide variety of elemental chemical composition, that is to say different metallicities and C/N/O/H ratios. Atmospheres with a high C/O ratio (above 1) are expected to contain a high quantity of hydrocarbons, including heavy molecules (with more than two carbon atoms). To correctly study these C-rich atmospheres, a chemical scheme adapted to this composition is necessary. Aims. We have implemented a chemical scheme that can describe the kinetics of species with up to six carbon atoms (C 0 -C 6 scheme ⋆ ). This chemical scheme has been developed with combustion specialists and validated by experiments that were conducted on a wide range of temperatures (300 -2500 K) and pressures (0.01 -100 bar). Methods. To determine for which type of studies this enhanced chemical scheme is mandatory, we created a grid of 12 models to explore different thermal profiles and C/O ratios. For each of them, we compared the chemical composition determined with a C 0 -C 2 chemical scheme (species with up to two carbon atoms) and with the C 0 -C 6 scheme. We also computed synthetic spectra corresponding to these 12 models. Results. We found no difference in the results obtained with the two schemes when photolyses were excluded from the model, regardless of the temperature of the atmosphere. In contrast, differences can appear in the upper atmosphere (P>∼1-10 mbar) when there is photochemistry. These differences are found for all the tested pressure-temperature profiles if the C/O ratio is above 1. When the C/O ratio of the atmosphere is solar, differences are only found at temperatures lower than 1000 K. The differences linked to the use of different chemical schemes have no strong influence on the synthetic spectra. However, with this study, we have confirmed C 2 H 2 and HCN as possible tracers of warm C-rich atmospheres. Conclusions. The use of this new chemical scheme (instead of the C 0 -C 2 ) is mandatory for modelling atmospheres with a high C/O ratio and, in particular, for studying the photochemistry in detail. If the focus is on the synthetic spectra, a smaller scheme may be sufficient, because it will be faster in terms of computation time.
Introduction
Observing spectra of transiting exoplanets has proven to be an excellent way of obtaining information on the chemical composition of their atmospheres. To date, only a few chemical species (H, H 2 O, CO 2 , CH 4 , CO, HCN, K, Na) have been inferred thanks to this technique (e.g. Charbonneau et al. 2002; Désert et al. 2008; Redfield et al. 2008; Swain et al. 2009a,b; Sing et al. 2011; Madhusudhan et al. 2014a) . Accordingly, one of the main goals of chemical models of exoplanet atmospheres is to find the elemental composition and the chemical processes that lead to the observed abundances, adjusting different parameters such as the metallicity, the C/O elemental abundance ratio, or the strength of vertical mixing (i.e. Kopparapu et al. 2012; Miller-Ricci Kempton et al. 2012; Moses et al. 2013a,b; Venot et al. 2014; Agúndez et al. 2014b) .
The existence of carbon-rich exoplanets has been suggested for the first time by Madhusudhan et al. (2011a) who anal-ysed the Spitzer spectra of WASP-12b. Nevertheless, a C/O ratio ≥ 1 in the atmosphere of this planet is quite controversial. Several studies have found that the atmosphere of WASP-12b could either have a solar C/O ratio (0,54) or be C-rich (Crossfield et al. 2012; Swain et al. 2013; Mandell et al. 2013; Stevenson et al. 2014; Madhusudhan et al. 2014a ). To clearly conclude on the composition of this planet, more observations with high precision are necessary, using for instance the Wide Field Camera 3 instrument on the Hubble Space Telescope (McCullough & MacKenty 2012) . However, Madhusudhan (2012) and Moses et al. (2013a) studied the influence of the C/O ratio on the chemical composition of hot Jupiter atmospheres. They found that models with a C/O ratio ∼ 1 agreed with observational spectra of WASP-12b, which indicates that a wide variety of C/O ratios might be indeed possible in exoplanet atmospheres.
To study the chemical composition of carbon-rich atmospheres, photochemical models must use chemical schemes adapted to this carbon enrichment. When the C/O ratio increases, more complex carbon species are produced. Thus, carbon-rich atmospheres are expected to contain heavy hydro-carbons with significant abundances that need to be included in the chemical scheme used in the modelling. Most of chemical schemes (primarily constructed to study atmospheres with solar abundances) do not contain such complex species and can consequently give biased results. Kopparapu et al. (2012) studied the atmosphere of WASP-12b with two different C/O ratios (solar and twice solar), but their chemical scheme only contained 31 molecules, the heaviest hydrocarbon being C 2 H 2 . Thus, the abundance of some hydrocarbons may be over-or underestimated because heavier molecules are absent from the chemical scheme. On the other hand, Moses et al. (2013a) used a more complex chemical scheme (90 species), which extends up to C 6 H 6 , which allows describing the more important hydrocarbons. Nevertheless, the question of the robustness and the completeness of chemical schemes is not addressed in many publications that examine photochemical models. The chemical schemes are constructed from reaction networks that were originally made for Jovian planets (Liang et al. 2003 (Liang et al. , 2004 Line et al. 2010 Line et al. , 2011 Moses et al. 2011 Moses et al. , 2013a in which, in the best cases (e.g. not for Liang et al. 2003 Liang et al. , 2004 , high-temperature reactions have been added and forward reactions have been reversed to reproduce the thermochemical equilibrium in absence of outof-equilibrium processes Venot et al. 2012) . Zahnle et al. (2009) modestly describe the method they used to construct their chemical scheme: reaction rates were taken from the NIST database 1 , and they chose by order of decreasing priority between reported reaction rates according to relevant temperature range, newest review, newest experiment, and newest theory. Venot et al. (2012) presented the first chemical scheme that was validated as a whole by experiment. Their chemical scheme was constructed in collaboration with combustion specialists and was experimentally validated on a wide range of temperatures (300 -2500 K) and pressures (0.001 -100 bar), making this one of the currently most reliable chemical schemes. It is able to describe the kinetics of species containing up to two carbon atoms.
The C 0 -C 2 scheme may be insufficient, for studying atmospheres enriched in heavier hydrocarbons (with more than two carbon atoms). That is why we have developed an extended version of the chemical scheme of Venot et al. (2012) , with species containing up to six carbon atoms. In Sect. 2 we present this new chemical scheme and the grid of models we constructed to test it. In Sect. 3 we present the results obtained with the C 0 -C 6 scheme and compare them with those obtained with the C 0 -C 2 scheme. In Sect. 4, we discuss the implications for interpreting transmission and emission spectra of exoplanet atmospheres and identify species that could play the role of tracers for warm C-rich atmospheres.
Model
2.1. Chemical scheme 2.1.1. Reaction network The C 0 -C 6 reaction scheme includes the C 0 -C 2 reaction network described in Venot et al. (2012) , but also reactions of C 3 -C 6 unsaturated species, such as C 3 H 6 (propene) or C 4 H 6 (butadiene), as well as reactions of small aromatic compounds up to C 8 H 10 (ethylbenzene). species. It contains reactions involving C 3 H 2 (propadienylidene), C 3 H 3 (prop-3-ynyle), the two isomers a-C 3 H 4 (allene) and p-C 3 H 4 (propyne), the three isomers C 3 H 5 (allyle), 1-C 3 H 5 (prop-1-en-2-yle), and 2-C 3 H 5 (prop-1-en-1-yle), C 3 H 6 (propene), cC 3 H 6 (cyclopropene), C 4 H 2 (diacetylene), the two isomers n-C 4 H 3 (but-1-en-3-ynyle) and i-C 4 H 3 (but-1-en-3-yn-2-yle), C 4 H 4 (vinylacetylene), the five isomers n-C 4 H 5 (1,3-butadienyle), i-C 4 H 5 (1,3-butadien-2-yle), 13-C 4 H 5 ( but-1-yn-3-yle), 14-C 4 H 5 (but-1-yn-4-yle), and 21-C 4 H 5 (but-2-yn-1-yl), the five isomers 13-C 4 H 6 (1,3-butadiene), 12-C 4 H 6 (1,2-butadiene), cC 4 H 6 (methyl-cyclopropene), 1-C 4 H 6 (1-butyne), and 2-C 4 H 6 (2-butyne). This sub-mechanism integrates reactions involved in the formation of aromatic compounds and has been developed and validated against experimental data from the literature (Westmoreland et al. 1989; Tsang 1991; Miller & Melius 1992; Lindstedt & Maurice 1996; Hidaka et al. 1996; Wang & Frenklach 1997) .
This database has been used with success in modelling of premixed flame of butadiene, propyne, allene, and acetylene (Fournet et al. 1999 ) and in predicting formation of small aromatic compounds for flame of methane (Gueniche et al. 2009; Belmekki et al. 2002) .
To obtain a good chemical overlap between the reactions bases C 0 -C 2 and C 3 -C 6 , we added a detailed kinetic mechanism for the oxidation of a propane/n-butane mixture. This sub-mechanism includes a comprehensive primary mechanism, where the only molecular reactants considered are the initial organic compounds (here propane and n-butane) and oxygen, and a lumped secondary mechanism that contains the reactions consuming the molecular products of the primary mechanism that do not react in the reaction bases C 0 -C 2 or C 3 -C 6 . This sub-mechanism has been used with success in modelling laminar flame velocity for components of natural gas (Dirrenberger et al. 2011) .
In this reaction base, we included pressure-dependent rate constants for unimolecular decomposition, recombination, betascission, and additional reactions following the formalism proposed by Troe (1974) , as well as third-body efficiency coefficients. As for the C 0 -C 2 chemical scheme, all the reactions of the C 0 -C 6 scheme are reversed, which allows reproducing thermochemical equilibrium. Most of them (called "reversible reactions") are reversed through the principle of microscopic reversibility (e.g. K eq = k f /k r , with K eq the equilibrium constant, k f the reaction rate of the forward reaction, and k r the reaction rate of the reverse reaction, see Venot et al. 2012 for more details), but a few of them (called "irreversible reactions") are reversed using experimentally measured reaction rates for both the forward and the reverse reaction. This ensures a better reproduction of the out-of-equilibrium experiments.
Thermochemical data for molecules or radicals were calculated and stored as 14 polynomial coefficients according to the CHEMKIN formalism (Kee et al. 1996) . These data were calculated using the software THERGAS (Muller et al. 1995) , which is based on the group and bond additivity methods proposed by Benson (1976) .
In summary, the C 0 -C 6 reaction base is composed of 240 reactants that are involved in 4002 chemical reactions: 1991 reversible reactions and 20 irreversible reactions. This chemical scheme is available at the online database KIDA: Kinetic Database for Astrochemistry 2 (Wakelam et al. 2012 ).
Photolysis
To model the out-of-equilibrium process that is due to photolysis, we added a set of 113 photodissociations to the C 0 -C 6 chemical scheme. We modelled the stellar irradiation by using the solar spectrum (Thuillier et al. 2004 ) in the range [0-900] nm. For most molecules, no data at high temperature exist, so 2 http://kida.obs.u-bordeaux1.fr/models/ we used absorption cross-sections at ambient temperature that we found in the MPI-Mainz UV/VIS Spectral Atlas (Keller-Rudek et al. 2013 ) and in the UV/Vis+ Spectra Data Base 3 . More specific references and explanations of the methodology of calculating cross-sections and quantum yields can be found in Venot et al. (2012) , Hébrard et al. (2013) , and Dobrijevic et al. (2014) . For CO 2 (Venot et al. 2013 ) and NH 3 (Venot et al. in prep) , we used our recent measurements at 500 K. As we present in Sect. 2.3, we used three different thermal profiles. For all of them, we used the same cross-sections at 500 K and did not try to adjust the cross-section of CO 2 to the exact temperature at which photodissociations occurred because we are mainly interested in the effect of the new chemical scheme at different atmospheric temperatures. However, we verified with the two different models (T 1000 ζ 0.54 and T 1000 ζ 1.1 , see Sect. 2.3 and Table 1 for more explanations and the meaning of these symbols) that this approximation has no significant effect on the computed chemical abundances. The differences are always lower than 10%, and for CO 2 , even lower than 0.54% for solar C/O. When C/O=1.1, the differences are lower than 30% and lower than 6.7% for CO 2 . These differences would not be visible on the abundances profiles figures plotted with a logarithmic scale.
0D models
First we compared the kinetic evolution of species calculated with the two chemical schemes. We used the 0D model presented in Venot et al. (2012) that allows determining the chemical evo-lution of a mixture at a certain pressure and temperature, with no photolysis process. We computed several conditions corresponding to the combination of T = 500, 800, 1000, or 1500 K, P = 0.5 or 50 bar, and C/O=0.54 or 1.1, with the C 0 -C 2 and the C 0 -C 6 scheme. Initial conditions correspond to the thermochemical equilibrium of the bottom level at the profile T 500 , that is, P=1000 bar and T =1742 K with C/O=0.54 or 1.1. For most species and regardless of the P, T , and C/O conditions, the kinetic evolution predicted by the two chemical schemes is the same and reaches thermochemical equilibrium. This is demonstrated for CO 2 in the first panel of Fig. 1 . Nevertheless, for some hydrocarbon species, we observe a slight difference in the kinetic evolution and sometimes also in the steady state, as can be seen in Fig. 1 . These differences are found for species with more than two carbon atoms, which is normal because the C 0 -C 2 scheme is not made to study these heavy species. It contains C n H x species, with n > 2, only to ensure that species with two or fewer carbon atoms will have a correct behaviour. The abundances and the kinetic evolutions of these heavy species found with the C 0 -C 2 scheme must not be trusted. Thus, it is expected that we find a difference in evolution for some of these hydrocarbons.
Grid of 1D models
To construct the thermal profiles, we used the analytical model of Parmentier & Guillot (2014) 4 that was calibrated to match numerical P-T profiles of solar-composition clear-sky atmospheres by Parmentier et al. (2015) . We used the coefficients from Parmentier et al. (2015) and the opacities from Valencia et al. (2013) . For simplicity, we did not consider the presence of TiO, which may cause a thermal inversion in hot atmospheres. Moreover, it is still unclear whether there is thermal inversion in hot Jupiters (and whether this is caused by TiO) (e.g. Madhusudhan et al. 2014b; . As an illustration, Diamond-Lowe et al. (2014) reanalysed the Spitzer data of HD 209458b and found no evidence for a stratosphere, which contradicts previous studies claiming that the atmosphere of this exoplanet presented a thermal inversion (Burrows et al. 2007; Knutson et al. 2008) .
To span a range of conditions relevant to known close-in giant exoplanets, we selected as baselines of our study three thermal profiles with high-altitude atmospheric temperatures of 500 K, 1000 K, and 1500 K. These temperature-pressure profiles are shown in Fig. 2 . To obtain these profiles, we set the irradiation temperature, T irr , to 784, 1522, and 2303 K. We considered that µ = 1/ √ 3, where µ = cos θ and θ the inclination of the stellar irradiation with respect to the local vertical direction. This choice allowed us to obtain dayside average profiles. We considered that the planets have a low internal temperature (T int = 100 K) and a gravity of 25 m.s −2 . At the time of the submission of our study, a new version of the analytical model was released. In this version, the user can no longer directly choose the irradiation temperature, but can set the equilibrium temperature, T eq0 , as well as a parameter f , which modulates the flux received by the planet. The profiles used in this study correspond approximately to dayside average profiles ( f = 0.5) of planets with an equilibrium temperature for zero albedo of T eq0 = 627, 1122, and 1718 K for the cool, warm, and hot profiles. Since the goal of this study is to compare the C 0 -C 2 and the C 0 -C 6 chemical schemes in different conditions, we used the same thermal profiles when considering a solar and not solar C/O ratio, 4 https://www-n.oca.eu/parmentier/nongrey/nongrey.html Lewis et al. 2010; Moses et al. 2011; Line et al. 2011; Venot et al. 2013 ). However, we recall that this value might be too high as pointed out by Parmentier et al. (2013) . We did not explore the space of possible values for the eddy diffusion coefficient because it was beyond the scope of this paper. Nevertheless, with a stronger vertical mixing, quenching would occur in deeper layers, and for the T 1000 and T 1500 profiles, the CO/CH 4 ratio could become lower than unity in the entire atmosphere (Venot et al. 2014 ).
Results
As can be seen in Figs. 3 and 4, the chemical composition of the atmospheres varies depending on the temperature and the The cool atmosphere (T 500 ) has an isothermal part from ∼20 to 10 −5 mbar at 500 K(full line). The warm atmosphere (T 1000 ) has an isothermal part from ∼2 to 10 −5 mbar at 1000 K (dashed line). Finally, the hot atmosphere (T 1500 ) has an isothermal part from ∼0.3 to 10 −5 mbar at 1500 K (dotted line).
C/O ratio. The photodissociations and the chemical scheme used also have an influence. In the following, we comment on these differences and explain them for some species. Indeed, by inspecting the reaction rates, we have identified some formation pathways that occur only in the C 0 -C 6 chemical scheme and that can explain the departures between the two reactions networks. For species for which the two chemical schemes predict different mixing ratios, we determined from which reactions these compounds were mainly formed. We compared their reaction rates in the two chemical schemes to see which reaction was more efficient in one of the schemes. Then we examined through which reaction the reactants of this latter reaction were formed. We proceeded iteratively until we identified a complete formation pathway. This identification is a preliminary work. Determining the detailed production and destruction pathways of species with precision requires the use of algorithms such as the Pathway Analysis Program (Lehmann 2004; Stock et al. 2012 ). These algorithms are very powerful, but need to be adapted to chemical schemes as large as our C 0 -C 6 chemical network. For the clarity of Figs. 3 and 4, we chose to plot only species with significant abundances (> 10 −7 ), but numerous carbon species have an abundance between 10 −10 and 10 −7 . We have indicated these species in Table 2 .
Chemical equilibrium
At chemical equilibrium there are some differences between the different thermal profiles and C/O ratios (see the dotted lines in Fig. 3) . Regardless of the C/O ratio, the hotter the atmosphere, the higher the CO/CH 4 abundance ratio. CH 4 becomes more abundant than CO at low temperatures, while CO dominates CH 4 at high temperatures. Moreover, the abundance of H 2 O decreases when the temperature increases. We remark that when the C/O ratio increases to above unity, then the abundances of carbon-bearing species such as CH 4 , CH 3 , and HCN increase their abundances significantly. These results agree with previous studies on the effect of the C/O ratio on the chemical atmospheric composition (i.e. Madhusudhan et al. 2011b; Madhusudhan 2012; Moses et al. 2013a) . When H 2 O is very abundant, OH behaves similarly to H, but with a smaller amount. However, when the abundance of H 2 O is quite low (ζ 1.1 for T 1000 and T 1500 profiles), the amount of OH is limited by that of water, and OH behaves like H 2 O. Indeed, in each case tested here, the main reaction that produces OH is H + H 2 O → OH + H 2 , which means that OH is limited by the reactant of the less abundant species.
Without photodissociation
The chemical compositions given by the C 0 -C 2 and the C 0 -C 6 chemical schemes are identical (considering species that are present in both networks) for all thermal profiles and the two C/O ratios when photodissociation is omitted. The only departure between the two schemes concerns some C n>2 H x species. As we explained in Sect. 2.2, the C 0 -C 2 contains species with three or four carbon atoms to correctly describe the kinetics of the species with two carbon atoms, but the kinetic behaviour of these heavier compounds must not be trusted. Thus, it is expected that the C 0 -C 6 scheme predicts a different behaviour for these hydrocarbons. Nevertheless, these small departures do not affect the abundances of the main species represented in Fig. 3 .
The quenching level is different depending on the thermal profile. Logically, the cooler the profile, the deeper quenching occurs in the atmosphere. For T 500 , quenching occurs between 10 5 and 10 4 mbar, depending on the molecule, whereas for T 1500 , it occurs much higher in the atmosphere, at about 20 mbar.
3.3. With photodissociation 3.3.1. Cool (T 500 ) profile For T 500 , there are differences between the two chemical schemes, both for the solar C/O ratio and for the carbon-rich case. In both cases, important carbon species such as CO and C 2 H 2 are destroyed in the upper atmosphere by photolysis. With the C 0 -C 6 scheme, these species are destroyed to a larger extent than with the C 0 -C 2 scheme, and we found that the "missing" carbon is placed in cC 6 H 8 through the following chemical pathway, starting with the photodissociation of CO:
2 C 2 H 2 −→ nC 4 H 3 + H nC 4 H 3 + C 2 H 2 −→ lC 6 H 5 lC 6 H 5 −→ cC 6 H 5 cC 6 H 5 + H −→ cC 6 H 6 cC 6 H 6 + H −→ cC 6 H 7 cC 6 H 7 + H −→ cC 6 H 8 CO + 2 C 2 H 2 + 2 H 2 + C −→ cC 6 H 8 + O( 3 P).
Since it involved heavy hydrocarbons, it can only occur for the C 0 -C 6 scheme.
3.3.2. Warm (T 1000 ) and hot (T 1500 ) profiles
As seen in Fig.4 , for any of these two P-T profiles there is no difference between the results given by the two chemical schemes when the C/O ratio is solar, but there are some differences in the upper atmosphere when the C/O ratio is > 1. First, we focus on C/O = 1.1. In the warm and hot profiles, we found that in contrast to the cool profile, cC 6 H 8 is unimportant. We discovered that this heavy species is not abundant when the temperature is high because of the reaction nC 4 H 3 + C 2 H 2 −→ lC 6 H 5 , which is the limiting reaction in the mechanism identified above for the production of cC 6 H 8 . The equilibrium constant of this reaction (represented in Fig. 5 ) was calculated as a function of temperature. At low temperature, the equilibrium constant is high so k f (T ) >> k r (T ), thus, the addition of nC 4 H 3 with C 2 H 2 is favoured to form lC 6 H 5 (and then cC 6 H 8 ). At high temperature, the equilibrium constant is very low, so the reverse reaction is predominant. The destruction of lC 6 H 5 is favoured. As a consequence, the concentration of cC 6 H 8 is lower.
The main species that show differences in their abundances when using either the C 0 -C 2 or C 0 -C 6 schemes are CH 3 , CH 4 , H 2 O, and CO 2 , which are more abundant when using the C 0 -C 6 scheme than the C 0 -C 2 scheme. C 2 H 2 and H are also slightly affected and are less abundant for the C 0 -C 6 scheme. This occurs between 10 and 10 −3 mbar for T 1500 , and between 0.3 and 10 −4 mbar for T 1000 . We present for each of these species the mechanisms we identified to explain these departures between the two chemical networks. Methyl radical (CH 3 ): For CH 3 , we found that acetylene (C 2 H 2 ) is responsible for the higher mixing ratio obtained with the C 0 -C 6 scheme. C 2 H 2 forms CH 3 through the following chemical pathway, involving heavy hydrocarbons that are only present in the C 0 -C 6 scheme:
This explains the lower abundance of C 2 H 2 when the C 0 -C 6 scheme is used. Methane (CH 4 ): Methane is mainly formed (at 99%) via the reaction CH 3 + H 2 −→ CH 4 + H, so its abundance is linked to that of CH 3 . Because CH 3 is more abundant for the C 0 -C 6 scheme, there is more methane when using this network.
Water (H 2 O) and carbon dioxide (CO 2 ): For the T 1000 and T 1500 profiles, H 2 O and CO 2 behave in the same way. These two species are in equilibrium according to the reaction scheme previously found by Moses et al. (2011) in hot Jupiters:
We remark that H 2 O and CO 2 have different abundances depending on the chemical scheme. These departures are found at ∼ 2×10 −3 mbar for T 1000 and around 10 −1 mbar for T 1500 . In both cases, the two species are more abundant for the C 0 -C 6 than for the C 0 -C 2 scheme. Identifying why there is more water when using the C 0 -C 6 scheme is very difficult because H 2 O is involved in very many reactions. Nevertheless, we found a possible expla- Table 2 : Highest abundances of some hydrocarbon species not plotted in Fig.4 , but with an abundance higher than 10 −10 . These mixing ratios are obtained using the C 0 -C 6 scheme with the six models including photodissociations. The level pressure (in mbar) at which these abundances are reached is noted between parenthesis. Hydrocarbons that are not indicated in this 1.6×10 −10 (10 6 ) < 10 −10 < 10 −10
6.1×10 −9 (2×10 −2 ) < 10 −10 4.6×10
1.1×10 −10 (10 2 ) < 10 −10 Because the number of reactants and products is different, the equilibrium constant is not dimensionless. nation: in both chemical schemes, the main reaction (at ∼99%) producing water is OH + H 2 −→ H 2 O + H, but the reaction OH + CH 4 −→ CH 3 + H 2 O also participates in the formation of water. The contribution of this reaction is two orders of magnitude stronger for the C 0 -C 6 scheme than for C 0 -C 2 . Moreover, methane is ∼ 1000 times more abundant at this level for the C 0 -C 6 scheme. This can probably explain the higher mixing ratio of H 2 O obtained for the C 0 -C 6 scheme. As we said at the beginning of Sect. 3, this hypothesis needs to be confirmed with a specific algorithm, and this will be the subject of a more detailed study. The higher amount of CO 2 is then a natural consequence of the equilibrium between the two species. Acetylene (C 2 H 2 ) We have shown that C 2 H 2 is an important species in atmospheres with a high C/O ratio. This species is involved in the formation of CH 3 and so is indirectly involved in the formation of CH 4 , H 2 O, and CO 2 . We can see in Fig. 4 that acetylene is a species with a globally high abundance in the atmosphere for the ζ 1.1 cases. But if we compare this with the ζ 0.54 cases, we realise that this is different when the C/O ratio is solar. In these cases, C 2 H 2 is not abundant in the atmosphere. Furthermore, C 2 H 2 is also abundant in the T 500 cases in the upper atmosphere because of photochemistry. As Fig. 6 shows it, for T 800 K, there is a difference of several orders of magnitude between the abundance of C 2 H 2 predicted by thermochemical equilibrium when considering a gas mixture with a solar C/O ratio or equal to 1.1. The low abundance of C 2 H 2 in the ζ 0.54 cases explains why there is no departure between the results obtained for the two chemical schemes. If there is no C 2 H 2 , the chemical pathways leading to the formation of CH 3 identified in the paragraph (CH 3 ) cannot occur. CH 3 , CH 4 , H 2 O, and CO 2 will remain at the same abundances as were found 
Spectra
To determine whether the differences in abundances obtained using the two chemical schemes have an impact on the spectra, we computed the synthetic spectra corresponding to the 12 atmospheric compositions using the code described in Agúndez et al. (2014a) . For this study, the opacities of C 2 H 2 , C 2 H 4 , and C 2 H 6 compiled in HITRAN2012 (Rothman et al. 2013) were added because these C-species can potentially be important in C-rich atmospheres under certain conditions. Nevertheless, in the different models we have tested, C 2 H 4 and C 2 H 6 are not sufficiently abundant (always lower than 10 −6 ) to affect the synthetic spectra. Note that the opacities of cC 6 H 8 and CH 3 are not included because these data are not known, but they could have an important influence on the synthetic spectra and should be added as soon as they are available. For the same reason, opacities of other C n>2 H x species are not included neither. Nevertheless, in view of their low abundances (see Table 2 ), they would probably not influence the synthetic spectra. We present in this section the spectra in transmission that would be obtained during the primary transit, and then the spectra corresponding to the secondary transit, in emission.
Transmission spectra
The transmission synthetic spectra computed for the different atmospheres are represented in Fig. 7 . As an example, Fig. 8 shows the relative contributions of the main opacity sources for the spectra corresponding to the T 1000 thermal profile.
For the T 500 profile, all the spectra are very similar because the atmospheric composition is also quite similar for the two C/O ratio cases. The global form of the spectra is due to H 2 O and CH 4 . Most of the features are caused by the absorption of these species. In addition, we note the contribution of NH 3 around 1.5 and 10.5 µm. There are two strong peaks beyond 10 µm. The first one, at 13.6 µm is due to C 2 H 2 , and the second one, very close at 13.9 µm, is due to HCN. A smaller peak is visible at 14.9 µm, which is caused by CO 2 . Despite their similarity, there are small departures between the spectra. The differences between the C-rich (green, calculated with the C 0 -C 6 scheme) and C/O : Synthetic transmission spectra corresponding to the three thermal profiles T 500 (up), T 1000 (middle), and T 1500 (bottom), represented by the apparent radius. For each thermal profile, spectra have been calculated for the atmospheric compositions found using the C 0 -C 2 and C 0 -C 6 schemes for the cases C/O = solar and C/O = 1.1, as labelled in each figure. Main molecular features are indicated on each spectra. For the T 1000 and T 1500 cases, features for the C/O solar spectra are plotted in orange and features for the C-rich spectra in black. solar (red, calculated with the C 0 -C 6 scheme) spectra are due to methane, which is more abundant in the ζ 1.1 case. But there are also differences between spectra corresponding to the two chemical schemes at 3 and 4 µm, between 7 and 8 µm, and between 13 and 15 µm. The departure at 4 µm is due to the difference of the mixing ratio of CO 2 obtained when using the two schemes (blue vs. red for the ζ 1.1 case and green vs. yellow for the ζ 0.54 case), and all the others are due to C 2 H 2 , which is more abundant when using the C 0 -C 2 scheme. This means that this species contributes more to the transmission spectra.
For the T 1000 profile, we observe strong differences between the spectra corresponding to the C-rich and the C/O solar cases. First, the global form of the C/O solar spectra is due to H 2 O, with contributions of CO 2 around 4.2 and 15 µm, CO around 2.3 and 4.6 µm, and CH 4 around 2.2 µm. There is no difference between the spectra corresponding to the results obtained with the C 0 -C 2 and the C 0 -C 6 schemes. The two C-rich spectra are quite different from the C/O solar spectra. Their form is mainly due to the H 2 -H 2 collision-induced absorption, with contributions of several species: CH 4 around 1.16, 1.38, 1.7, 2.3, 3.3 µm and between 6 and 9 µm; HCN around 3 µm and at 13.9 and 14.2 µm; CO between 4.3 and 5.2 µm; C 2 H 2 around 3 µm and at 7.4, 7.7, and 13.6 µm; NH 3 around 10.5 µm. HCN is the absorber that generates the features from 11 to 16 µm, and H 2 O is the main absorber from 16 to 30 µm. Unlike the ζ 0.54 case, the two ζ 1.1 spectra corresponding to the two chemical schemes present small departures. We found these deviations between 3 and 4 µm, between 7 and 8 µm, and between 13 and 15 µm. Like for the T 500 spectra, these departures are caused by the change of the abundance of C 2 H 2 between the two chemical schemes, but also due to the lower mixing ratio of methane that we obtain when using the C 0 -C 6 scheme.
For the T 1500 profile, we also observe departures between the spectra corresponding to the two C/O ratios. For the C/O solar spectra, the contributing species are the same as for the T 1000 profile: H 2 O everywhere except around 2.3 and 4.6 µm (CO) and around 4.2 µm (CO 2 ). The peak of CO 2 at 15 µm is not visible because of the very much lower abundance of this species in the atmosphere. This area of the spectra is entirely dominated by water. We note that once again, there is no difference between the spectra corresponding to the two chemical schemes, which is expected because there is also no difference in the computed chemical abundances. The spectra of the C-rich atmosphere are different from the C/O solar spectra. Like for the T 1000 profile, their form is due to the H 2 -H 2 collision. There are contributions of H 2 O around 1.35 µm and from 18 µm until the end of the computed spectra (30 µm). There are many contribution of C 2 H 2 : around 1. 5, 2.45, 3, 3.7, 7.4, 7.7 , and the very high peak at 13.6 µm. We see CO features at 1.6, 2.3, and 4.6 µm. The contribution of CH 4 is very small compared to the two previous cases (T 500 and T 1000 ). There is a strong peak at 3.32 µm and a smaller peak around 3.49 µm. Methane is also responsible for the absorption peak at 7.39 µm, which is almost mingled with the two strong acetylene peaks. Finally, the last contributing molecule is HCN with its peaks around 3, 7, 13.9, and 14.2 µm. HCN is also responsible for the features from 11 to 18 µm. These results agree with what has been found for WASP-12b by Kopparapu et al. (2012) . Figure 9 presents the synthetic emission spectra obtained for our 12 atmospheres. As for the transmission spectra, for the cool atmosphere, there is almost no difference between the emission spectra of the two different C/O ratios, whereas for the two warmer profiles the emission spectra are clearly different depending on the C/O ratio of the atmosphere. For the C/O solar cases, the spectra are dominated by the absorption of H 2 O for the two warmer cases and by water and methane for the T 500 profile. For the C-rich cases, as we explained for transmission spectra in Sect. 4.1, the spectra are dominated by the H 2 -H 2 collision, with contributions of other species, such as C 2 H 2 , HCN, and CH 4 .
Emission spectra
The analysis of these emission and transmission spectra shows us that C 2 H 2 and HCN can be considered as good tracers of the C/O ratio if the atmosphere presents a sufficiently high temperature (above 800 K), thanks to their peaks at 7.4, 7.7, 13.6, 13.9, and 14.2 µm, respectively, visible when C/O = 1.1. For lower temperatures, acetylene and hydrogen cyanide present similar mixing ratios in the two C/O cases that we tested and thus cannot give information on the C/O ratio of the atmosphere. As emphasised by Madhusudhan (2012) , these two species absolutely need to be considered in spectra models to interpret and understand observations of exoplanets atmospheres.
Conclusions
We have developed a new chemical scheme for studying C-rich atmospheres. This C 0 -C 6 scheme describes the kinetics of 240 species that contain up to six carbon atoms and are involved in 4002 reactions. It is available in the online database KIDA: Kinetic Database for Astrochemistry (Wakelam et al. 2012) at http://kida.obs.u-bordeaux1.fr/models/. We used this chemical scheme to study atmospheres with different thermal profiles T T T Fig. 9 : Synthetic emission spectra corresponding to the three thermal profiles T 500 (up), T 1000 (middle), and T 1500 (bottom), represented by the brightness temperature (K). For each thermal profile, spectra have been calculated with the atmospheric compositions found with the C 0 -C 2 and C 0 -C 6 schemes for the cases C/O = solar and C/O = 1.1, as labelled in each figure. and C/O ratios and compared the results obtained with those obtained with a smaller chemical scheme (C 0 -C 2 , described in Venot et al. 2012 ). When photodissociation is neglected, the two chemical schemes yield identical results. This strengthens the robustness of the small C 0 -C 2 scheme. It perfectly described the kinetics of C 2 species, and even a scheme that contains twice more reactions gives the same results. The introduction of the photodissociations induces, in some cases, differences between the two chemical schemes. With the warm and hot profiles (∼1000 K and ∼1500 K), there are differences when the C/O ratio of the atmosphere is high (1.1), but not when it is solar. This is mainly due to C 2 H 2 , which is much more abundant in a C-rich atmosphere and participates in the C 0 -C 6 scheme in formation pathways involving heavy hydrocarbons. For the cool profile (∼500 K), there are differences between the two schemes regardless of the C/O ratio of the atmosphere. Here again, the high amount of C 2 H 2 in the upper atmosphere is responsible for this. Nevertheless, the differences obtained using the two chemical schemes do not create differences in the synthetic spectra. The analysis of the synthetic spectra corresponding to the 12 different cases has highlighted the fact the absorption features around 7 and 14 µm due to C 2 H 2 and HCN can be used as tracers of the C/O ratio for atmospheres with temperatures higher than 800 K.
In conclusion, our advice for using of one or the other chemical scheme is as follows: -In warm atmospheres (T ≥1000K) with solar C/O ratios, the C 0 -C 2 scheme is sufficient. -In cooler atmospheres (regardless of the C/O ratio) or warm atmospheres with a C/O ratio higher than 1, the choice of the chemical scheme depends on the goal of the study. If the focus is on computing synthetic spectra, then the use of the C 0 -C 2 scheme is a reasonable choice because the computation time will be shorter. But if the chemical composition is to be studied in detail and the chemical pathways occurring in the atmosphere are to be understood, then using the more complete C 0 -C 6 scheme is advised.
We recall that the mixing ratios calculated here could change by several orders of magnitude if absorption cross-sections at high temperatures are used for all the absorbing species present in the chemical network. We only used hot data for CO 2 (Venot et al. 2013 ) and NH 3 (Venot et al. in prep) , but measurements of other species are much needed. In particular, this study shows that C 2 H 2 should be the next target of these experiments.
